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We identified two proteins, Pex25 and Rhol, 
which are involved in reintroduction of per- 
oxisomes in peroxisome-deficient yeast cells. 
These are, together with Pex3, the first proteins identified 
as essential for this process. Of the three members of the 
Hansenula polymorpha Pexl 1 protein family— Pexl 1 , 
Pex25, and Pexl 1C— only Pex25 was required for re- 
introduction of peroxisomes into a peroxisome-deficient 
mutant strain. In peroxisome-deficient pex3 cells, Pex25 
localized to structures adjacent to the ER, whereas in wild- 
type cells it localized to peroxisomes. Pex25 cells were not 



themselves peroxisome deficient but instead contained a 
slightly increased number of peroxisomes. Interestingly, 
pexl I pex25 double deletion cells, in which both peroxi- 
some fission (due to the deletion of PEX1 1) and reintro- 
duction (due to deletion of PEX25) was blocked, did 
display a peroxisome-deficient phenotype. Peroxisomes 
reappeared in pexl I pex25 cells upon synthesis of Pex25, 
but not of Pexl 1 . Reintroduction in the presence of Pex25 
required the function of the GTPase Rhol . These data 
therefore provide new and detailed insight into factors 
important for de novo peroxisome formation in yeast. 



Introduction 

For decades peroxisomes have been considered to be autono- 
mous organelles that multiply by growth and division (Lazarow 
and Fujiki, 1985). Recent studies have however revealed that 
peroxisomes may also form from the endoplasmic reticulum 
(ER), a phenomenon that was convincingly demonstrated upon 
functional complementation of PEX3- or P£X/(5-deficient 
strains of various organisms (Hoepfner et al., 2005; Kragt et al., 
2005; Tam et al., 2005; Haan et al., 2006; Kim et al., 2006). 
These cells are devoid of peroxisomal membrane structures, but 
form new organelles upon reintroduction of the corresponding 
deleted genes. 

Peroxisomes may also multiply by fission and several 
proteins that are involved in this process have been identi- 
fied (e.g., Pexll and dynamin-related proteins; Thorns and 
Erdmann, 2005; Fagarasanu et al., 2007). Recent studies sug- 
gested that in yeast the bulk of the organelles are formed by 
fission (Kuravi et al., 2006; Motley and Hettema, 2007; 
Nagotu et al., 2008b). For instance, mutations that completely 
block peroxisome fission result in the presence of a single en- 
larged peroxisome per cell, also after prolonged cultivation at 
peroxisome-inducing cultivation conditions. In these mutants 
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peroxisome formation from the ER is not affected (e.g., in 
dnml, vpsl, or dnml vpsl mutants), but generation of addi- 
tional organelles was never observed (Kuravi et al., 2006; 
Motley and Hettema, 2007; Motley et al., 2008; Nagotu et al., 
2008b). These observations suggest that at normal physiolog- 
ical conditions peroxisome formation from the ER may not 
prominently contribute to the total organelle population in 
yeast cells. 

Several observations however indicate that the ER does 
play a role in peroxisome formation in wild-type cells and vari- 
ous peroxisomal membrane proteins (PMPs), if not all (van der 
Zand et al., 2010), are proposed to traffic to peroxisomes via the 
ER. Examples include Yarrowia lipolytica Pex2 and Pexl 6 
(Titorenko and Rachubinski, 1998), Saccharomyces cerevisiae 
Pex3 (Hoepfner et al., 2005; Kragt et al., 2005), plant Pexl6 
(Karnik and Trelease, 2005, 2007), mammalian Pexl6 (Kim 
et al., 2006), Pichia pastoris Pex30 and Pex31 (Yan et al., 2008), 
and S. cerevisiae Pexll (Knoblach and Rachubinski, 2010). 
Generally, at steady-state conditions the bulk of these PMPs are 
localized to peroxisomes and difficult to detect at the ER. Excep- 
tions are plant Pexl6 (Karnik and Trelease, 2005) and P. pastoris 
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Figure 1 . The H. polymorpha Pexl 1 family members. Fluorescence mi- 
croscopy images of methanol-grown WT cells producing Pexl 1-GFP (A), 
Pex25-GFP (B), or PexllC-GFP (C). All three proteins are localized to 
peroxisomes. (D-F] Fluorescence microscopy images of pexl 1 pex25 (D), 
pexl 1 pexl 1C (E), and pex25 pexl 1C cells (F) producing DsRed-SKL 
to mark the peroxisomal matrix. Cells were grown on glycerol/methanol 
mixtures. The DsRed-SKL fluorescence does not completely fill the matrix of 
the peroxisomes because of the presence of alcohol oxidase crystal inside 
the peroxisomes. Bar, 1 urn. Images were taken by wide-field fluorescence 
microscopy. The cell contour is indicated in blue. (G] Western blots show- 
ing the levels of Pex3 and Pexl 4 proteins in WT and various deletion 
strains. Cells were grown for 16 h on glycerol/methanol. Equal amounts 
of protein were loaded per lane. The first lane shows the negative controls 
of the corresponding deletion strain (i.e., pex3 and pexl 4). The pyruvate 
carboxylase (Pycl) blot is added as loading control. 

Pex30 and Pex3 1 (Yan et al., 2008), which were shown to invari- 
ably have a dual localization at the ER and peroxisomes. Also, 
proteins of the endomembrane system have been implicated to 
serve a role in peroxisome biogenesis, such as Arf, coatomer 
(Lay et al., 2006), Sec20, and Sec39 (Perry et al., 2009). The 
molecular details of the role of these proteins in peroxisome bio- 
genesis and proliferation need to be further elucidated. 

Important players in peroxisome fission include dyna- 
min-like proteins, such as Vpsl in S. cerevisiae (Hoepfner 
et al., 2001), Dnml in S. cerevisiae and Hansemda polymorpha 
(Kuravi et al., 2006; Nagotu et al., 2008b), and Dlpl in mam- 
mals (Koch et al., 2003; Li and Gould, 2003). These GTPases 
are most likely involved in the actual organelle fission process. 
Another key protein in fission is the highly conserved peroxi- 
somal membrane protein Pexll, which was recently shown to 
be responsible for tubulation of the peroxisomal membrane 
before fission (Opalihski et al., 201 1). 

All eukaryotes studied so far contain several proteins 
that show similarity to Pexll (Kiel et al., 2006). For instance, 
S. cerevisiae contains Pex25 and Pex27 in addition to Pexll 
(Smith et al., 2002; Rottensteiner et al., 2003; Tarn et al., 2003). 
In the yeast H. polymorpha the additional members of the Pexl 1 
protein family are Pexl 1C and Pex25. 

Here we study the role of all three members of the 
H. polymorpha Pexl 1 protein family in peroxisome formation. 
We show that that Pex25 plays a crucial role in the formation 
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Figure 2. Quantification of peroxisome numbers in various H. polymor- 
pha strains. Cells were grown on glycerol/ methanol mixtures for 1 6 h. The 
number of peroxisomes in nonbudding cells was counted from randomly 
taken CLSM images. For each sample peroxisomes were counted from 
2 x 100 cells from two independent experiments. The frequency distribu- 
tions of cells with number of peroxisomes per cell are shown. Bars repre- 
sent the SEM. (A) Frequency distributions of WT, pex25, pexl IC, and 
pex25 pexl /Ccells. (B) Distributions in WT, pexl I, pexl 1 pexl IC, and 
pexl 1 pex25. In pexl 1 pex25 peroxisomes could not be detected using 
the fluorescent matrix marker protein (DsRed-SKL). 

of peroxisomes upon reintroduction of PEX3 in H. polymor- 
pha pex3 cells. We also demonstrate that the pexll pex25 
double-deletion strain is peroxisome deficient. Most likely 
this is caused by the simultaneous block in fission and peroxi- 
some reintroduction. 



Results 

Of the H. polymorpha Pexl 1 protein 
family, Pexl 1 is the key player in 
peroxisome proliferation 

As shown in Fig. 1, A-C, all three members of the Pexll pro- 
tein family are localized to peroxisomes. The fluorescence sig- 
nal observed for Pex 1 1C-GFP is low relative to Pex 1 1 -GFP and 
Pex25-GFP, which is most likely due to relatively low expres- 
sion of PEX11C as also is suggested by transcriptomics data 
(van Zutphen et al., 2010). 
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The role of the three Pexl 1 family proteins in peroxisome 
formation was analyzed in various deletion strains. Cells of sin- 
gle deletion strains (designated pexll,pex25, and pexllC) grew 
like wild-type (WT) controls on glucose. However, on methanol 
the doubling times of pexll and pex25 cultures (t d = 8 h) were 
twice that of identically grown WT or pexllC cultures (td = 4 h). 
Quantitative analyses of peroxisome numbers (Fig. 2; Table I) 
revealed that deletion of PEX11 resulted in a strong reduction 
in peroxisome numbers in methanol-induced cells, whereas 
in pex25 cells a slight increase was observed. Deletion of 
PEX11C had no effect on peroxisome numbers (Fig. 2; Table I). 
Deletion of PEX11C in pexll or pex25 cells also had no effect 
on the phenotype of the initial single mutants (Figs. 1 and 2; 
Table I). These data confirm the role of Pexl 1 in peroxisome 
proliferation, whereas Pex25 has a slightly negative effect in 
this process. 

Surprisingly, deletion of PEX25 in pexll cells (strain 
pexll pex25) resulted in the mislocalization of the peroxisomal 
matrix marker protein DsRed-SKL to the cytosol (Fig. 1 D; 
Fig. 2; Table I). 

hi. polymorphs pexl 1 pexSS cells are 
peroxisome deficient: 

To study the apparent peroxisome-deficient phenotype of pexll 
pex25 cells in more detail, electron microscopy was performed. 
These studies failed to resolve any peroxisomal membrane rem- 
nants in pexll pex25 cells (Fig. 3 B), akin to H. polymorpha 
pex3 or pexl 9 cells, at conditions that WT cells contained mul- 
tiple peroxisomes (Fig. 3 A). 

Western blot analysis indicated that the levels of the two 
PMPs Pex3 and Pexl4 were only slightly reduced in pexll 
pex25 cells, whereas they were normal in the single-deletion 
strains (Fig. 1 G). Localization studies by fluorescence micros- 
copy revealed that Pex3 was mislocalized to the cytosol 
(Fig. 3 C, Pex3-GFP). This observation is consistent with the 
view that peroxisomal membrane remnants are absent in pexll 
pex25 cells. 



Table 1. Average 


numbers of peroxisomes 


Strain 


Mean ± SEM 


WT 


2.91 ± 0.007 


pex25 


3.38 ± 0.002 


pex 1 1 C 


2.87 ± 0.002 


pex 1 1 


0.74 ± 0.002 


pex 1 1 Cpex25 


3.35 ± 0.003 


pex 1 1 pex 1 1 C 


0.77 ± 0.017 


pex 1 1 pex25 


0 



WT and deletion strains were grown as indicated in Fig. 2. Statistical analysis 
(Student's t test) revealed that the differences in average number of peroxisomes 
in pexl 1 and pex25 cells, but not of pexl 1C cells, were significant relative to 
the WT controls (P values < 0.05). 



Pex25 is required for re intra duct ion of 
peroxisomes in pex3 cells 

The observation that pexll pex25 cells were peroxisome defi- 
cient raised the question of whether in these cells both the pro- 
cesses of peroxisome fission (due to the absence of Pexl 1) and 
reintroduction (due to the absence of Pex25) were blocked. This 
hypothesis was first addressed by analyzing if, in a pex3 pex25 
double-deletion strain, peroxisome formation is restored after 
reintroduction of PEX3-GFP, similar as in H. polymorpha pex3 
cells (Haan et al., 2006; Nagotu et al., 2008b). 

To this end we constructed a pex3 pex25 strain that con- 
tained PEX3-GFP under control of the inducible amine oxidase 
promoter (Pamo) using a pex3 strain as a control. After preculti- 
vation of the strains on glucose/ammonium sulfate, thus re- 
pressing Pamo, Pex3-GFP protein was invariably undetectable 
(not depicted). Upon a shift of pex3 pex25 ¥amoPEX3 cells to 
fresh glycerol/methanol/methylamine-containing media, Pex3- 
GFP fluorescence was generally first detected after 2 h of culti- 
vation (Fig. 4 D) and frequently observed as a single spot per 
cell that did not develop into a peroxisome upon further cultiva- 
tion. Even after 20 h of cultivation on glycerol/methanol/ 
methylamine media peroxisomes were absent and Pex3-GFP 
was still infrequently observed in spots or had accumulated in the 






Figure 3. H. polymorpha pexl 1 pex25 cells are peroxisome deficient. Electron microscopy analysis of pexl 1 pex25 cells (B) showing the absence of 
peroxisomal structures. (A) WT control. Cells were grown on glycerol/methanol and fixed with KMnC>4. M, mitochondrion; N, nucleus; P, peroxisome; 
V, vacuole. Bar, 0.5 urn. (C) Cytosolic localization of Pex3-GFP when produced under control of the endogenous promoter in pexl 1 pex25 cells. The cell 
wall is indicated in blue. Bar, 1 urn. 
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Figure 4. Peroxisome reintrodudion in pex3 cells requires Pex25. Pex3-GFP was reintroduced in pex3 (A), pex3 pexl IC (B), pex3 pexl I cells (C), or 
pex3 pex25 cells (D). All strains contained PEX3-GFP under control of the inducible amine oxidase promoter (Pa/wo). Cells were pregrown on glucose/ 
ammonium sulfate media and shifted (at t = 0 h) to glycerol/ methanol/methylamine to induce Pex3-GFP synthesis and peroxisome proliferation. Bar, l pm. 
All images are presented at the same magnification. The cell walls are indicated in blue. (E) Levels of endogenous Pex3 in WT cells and Pex3-GFP levels in 
the indicated strains grown for 0, 2, 4, 8, and 20 h on methanol/glycerol/methylamine medium. Equal amounts of protein were loaded per lane. Pyruvate 
carboxylase (Pycl) was used as loading control. The blots were decorated with anti-Pex3 or anti-Pycl antibodies. The additional Pex3 band at t = 2, 4, 
8, and 20 h in the pex3 pex25 samples originates from degradation of Pex3-GFP as is reinforced by the absence of full-length Pex3GFP at t = 20 h (compare 
also vacuolar fluorescence in D). (F] Peroxisomes marked by GFP-SKL in the H. polymorpha pexl I strain grown for 20 h on methanol/glycerol/ 
methylamine medium. 
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vacuole. Subsequent electron microscopy analyses also failed 
to resolve any peroxisome structures in these cells at any time 
of cultivation (not depicted). Under the same conditions peroxi- 
somes were readily formed in pex3 controls (Fig. 4 A). In iden- 
tical experiments, using pex3 pexllC or pex3 pexll cells, 
peroxisomes were reintroduced like in the pex3 control (Fig. 4, 
B and C), with the exception that in pex3 pexll cells relatively 
low numbers of enlarged peroxisomes were formed, as expected 
for H. polymorpha pexll cells (Fig. 4 F). 

Western blot analysis (Fig. 4 E) revealed that until 8 h 
after induction of PEX3-GFP expression the Pex3-GFP levels 
were in the same range as endogenous Pex3 levels observed in 
identically grown WT cells, indicating that the cells did not ex- 
perience Pex3 overproduction when peroxisomes were reintro- 
duced. At 20 h after induction, Pex3-GFP levels were enhanced 
in all strains relative to Pex3 in the WT control, except for strain 
pex3 pex25 where Pex3-GFP levels were below the level of de- 
tection. This is in line with the reduction of GFP fluorescence in 
this strain at late time points. 

Artificial sorting of Pex3 to the ER in 
pex3 pexSS cells does not restore 
peroxisome formation 

Because Pex25 is required for reintroduction of peroxisomes in 
pex3 cells, we hypothesized that Pex3 may not properly sort to the 
ER in the absence of Pex25 to form new peroxisomes. To address 
this question, we constructed a pex3 pex25 strain, in which Pex3- 
mCherry was artificially sorted to the ER. To this end we con- 
structed a gene encoding a fusion protein containing the first 
N-terminal 30 amino acids of the ER protein BIP (BiP N30 ) and 
full-length Pex3 (lacking the start codon) fused to mCherry under 
control of the inducible alcohol oxidase promoter (P A oxB1Pn3o 
PEX3-mCherry). A similar construct was previously reported to 
functionally complement S. cerevisiae pex3 cells (Kragt et al, 
2005). Indeed, upon synthesis of this fusion protein in H. polymor- 
pha pex3 control cells peroxisomes were readily formed (Fig. 5 A). 
Essentially similar results were obtained when the fusion protein 
was introduced in pex3 pexll cells (Fig. 5 B). In contrast, however, 
peroxisomes were not detected when the construct was expressed 
in pex3 pex25 or pex3 pexll pex25 cells (Fig. 5, C and D). In these 
cells large cytosolic alcohol oxidase crystals were formed (Fig. 5, 
C and D, asterisk), akin to pex3 cells, demonstrating that these 
cells are indeed peroxisome deficient. These data suggest that the 
failure of pex3 pex25 cell to form peroxisomes from the ER can- 
not be restored by artificial targeting of Pex3 to the ER. 

Pex25 is required for reintroduction of 
peroxisomes in pexl 1 pexSS cells 

We next analyzed whether peroxisomes were formed in pexll 
pex25 cells upon reintroduction of either PEX25-mCherry 
(Fig. 6, A-C) or PEXll-mCherry (Fig. 6, D-F). Separate strains 
were constructed in which either the ER marker protein BiP N30 - 
GFP-HDEL (Fig. 6, A and D) or Pex3-GFP (Fig. 6, B and E) or 
GFP-SKL (Fig. 6, C and F) were produced. Upon a shift of 
pexll pex25 P A ox P£X25-mCherry cells from PtoA-repressing 
to Piox-inducing conditions (shift from glucose/ammonium 
sulfate to methanol/glycerol/ammonium sulfate), peroxisomes 




Figure 5. Artificial targeting of Pex3 to the ER does not restore peroxi- 
some formation in the absence of Pex25. Paox BIP N 3oPEX3-mCherry was 
introduced in pex3 cells (A), pex3 pex 1 1 cells (B), pex3 pex25 cells (C), or 
pex3 pex 1 1 pex25 cells (D). Electron microsopy analysis of cells grown for 
16 h on glycerol/methanol-containing media failed to resolve peroxisomal 
structures in cells lacking Pex25. N, nucleus; P, peroxisome; V, vacuole. Bar, 
0.5 pm. The asterisk represents a cytosolic alcohol oxidase crystalloid. 

were readily formed (Fig. 6 C). After 4 h of incubation in the pres- 
ence of methanol, Pex25 was initially localized in a spot at the 
ER (Fig. 6 A). Pex3 colocalized with Pex25 at this spot (Fig. 6 B). 
At later time points (16 h after induction) the cells grew on 
methanol like pexll cells and contained peroxisomes harboring 
the peroxisomal matrix marker protein GFP-SKL (Fig. 6 C). 

In pexll pex25 P A0X PEXll-mCherry cells peroxisomes 
were never formed (Fig. 6 F) and growth on methanol was not 
restored. In these cells Pexl 1 was present at the ER and the nu- 
clear envelope (Fig. 6 D). Pex3 was also present at these mem- 
branes, but concentrated in a spot that also showed a slightly 
enhanced Pexl 1-mCherry fluorescence intensity (Fig. 6 E, 
arrow). GFP-SKL remained mislocalized to the cytosol in these 
cells, also upon prolonged induction in the presence of metha- 
nol (Fig. 6 F, 16 h of induction). These data indicate that the 
absence of Pex25 apparently also prevents reintroduction of 
peroxisomes in pexll pex25 cells. 

Pex25 is localized in structures adjacent 
to the ER in H. polymorpha pex3 cells 

As Pex3 is initially sorted to the ER upon reintroduction in pex3 
cells, we analyzed the localization of Pex25 in pex3 cells. As 
shown in Fig. 7 B, synthesis of Pex25-mCherry in pex3 cells re- 
sults in localization of the protein in structures adjacent to the 
ER, marked by BiP N30 -GFP-HDEL. Pexll-mCherry colocal- 
ized with the ER marker in pex3 pexll cells (Fig. 7 A), but was 
never observed in spots. 

H . polymorpha Pex25 interacts with itself, 
like Pexl 1 

In pex3 cells Pex25 is localized in spots adjacent to the ER. As 
reintroduction of peroxisomes in these cells requires Pex25 and 
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Figure 6. Peroxisomes are formed in pex? I pex25 cells upon reintroduction of PEX25, but not upon reintroduction of PEX1 1. (A-C) pex] 1 pex25 P AO x 
PEX25-mCherry cells were shifted from glucose/ammonium sulfate to glycerol/methanol-containing media. Pex25-mCherry fluorescence is shown in the 
images in the left panels (in red). Cells were grown for 4 (A and B) or 1 6 h (C). (D-F) pex ! / pex25 P AO x PEX1 1-mCherry cells were shifted from glucose/ 
ammonium sulfate to glycerol/methanol medium. Cells were grown for 4 (D and E) or 16 h (F), The images at the right show the merged fluorescence 
images as well as the cell walls in blue. Bar, 1 pm. 
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Figure 7. In pex3 cells Pexl 1 colocalizes with the ER, whereas Pex25 
is present in spots adjacent to the ER. Localization of Pexl 1 -mCherry in 
pex3 pexl 1 cells (A) or Pex25-mCherry (B) in pex3 cells (A, middle, red 
fluorescence). Both strains produce the ER marker protein BiPN3o-GFP-HDEL. 
Cells were grown for 1 6 h on gycerol/ methanol. The right panels show the 
merged fluorescence images. Bar, 1 urn. 



involves the initial targeting of Pex3 to the ER, we tested 
whether Pex3 interacts with Pex25 using a yeast two-hybrid 
assay. As shown in Fig. 8, no interaction between Pex25 and 
Pex3 was detected. Also, no interaction between Pexll and 
Pex3 was observed. As reported previously for Pexll proteins 
from other species, H. polymorpha Pexll interacts with itself 
and hence most likely forms oligomers (Rottensteiner et al., 
2003; Tam et al., 2003). The same was observed for H. poly- 
morpha Pex25. We could not detect an interaction between 
H. polymorpha Pexll and Pex25. These data indicate that 
Pex25 and Pex3, which are both involved in reintroduction of 
peroxisomes at the ER, most likely do not show a direct physi- 
cal interaction. 

Pex25-depenclent peroxisome 
reintroduction requires Rho1 

In a series of experiments aimed at the identification of es- 
sential genes involved in reintroduction of peroxisomes in 
H. polymorpha pex3 cells, we identified a temperature-sensitive 
mutation in RHOl. We previously showed that synthesis of 
a protein consisting of the first 50 residues of Pex3 fused to 
GFP (N 50 .Pex3-GFP; Faber et al., 2002a) is sorted to the ER/ 
nuclear envelope in H. polymorpha pex3 cells and leads to the 
formation of membrane vesicles that develop into normal per- 
oxisomes upon synthesis of full-length Pex3 (Faber et al., 
2002a). We reasoned that mutants defective in sorting of N 50 . 
Pex3-GFP to the ER or the formation of the N 50 .Pex3-GFP- 
containing vesicles would also be defective in peroxisome for- 
mation from the ER. 

Cells producing N 50 .Pex3-GFP under control of the amine 
oxidase promoter were mutagenized with nitrosoguanidine. 
Subsequently, mutants were selected that showed a temperature- 
sensitive (ts) growth phenotype on rich glucose media (YPD). 
In total, 65 mutants were isolated and subsequently analyzed by 
fluorescence microscopy on mineral media containing glucose/ 
methylamine. Of these strains, 21 showed mislocalization of 
N 50 .Pex3-GFP to the cytosol after a shift of the cells to the 
restrictive temperature (44°C), but not at the permissive tem- 
perature (35°C). 
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Figure 8. Yeast two-hybrid analysis reveals interaction of Pexl 1 with itself 
and of Pex25 with itself. Analysis of the interaction of different H. polymor- 
pha proteins with Pexl 1 and Pex25, using yeast two-hybrid assays. Genes 
were fused to the LEXA binding domain (LexA-BD) in vector pBTMl 1 6 and 
a VP1 6 activation domain (Vpl6-AD) in vector pVP16. The resulting plas- 
mids were cotransformed into S. cerevisiae L-40. As controls, empty pVPl 6 
or pBTM116 was used for transformation. Pex3 Pexl 9 interaction was 
added as positive control. Three independent transformants were tested 
using a (3-galactosidase filter lift assay. Colonies were stained for 8 h. 



One of these mutants, 3-34-ts, was used for further analy- 
sis. This strain showed GFP fluorescence in the cytosol at 
restrictive temperature (Fig. 9 D), whereas at permissive tem- 
perature (35°C) fluorescent spots were observed (Fig. 9 C). 




VP16-AD 
Pex3 

Pex3 

Pex25 

Pex11 

Pex25 

Pex3 

Pex11 

Pex25 

Pex11 

Pex25 

Rho1 

Pex11 

Rho1 

Pex3 

Rho1 

Pex25 

Pex3 

Pex11 

Rho1 



Peroxisome reintroduction involves Pex25 and Rho1 • Saraya et al. 



As expected, pex3 control cells producing N 50 .Pex3-GFP formed 
normal fluorescent spots at both temperatures (Fig. 9, A and B). 

By functional complementation of mutant 3-34-ts with a 
gene library, we identified the RHOl gene. Indeed, when grown 
at restrictive temperatures the complemented cells contained nor- 
mal fluorescent spots as in control cells (not depicted). These data 
suggest that Rhol is involved in the reintroduction of peroxisomes 
in pex3 cells. Alignment of the sequences of WT and mutant Rhol 
protein in strain 3-34-ts revealed an amino acid substitution at 
amino acid position 164 (Ala into Val). Alanine 164 is located in 
the highly conserved SAK motif of Rhol, which participates in 
interactions with the guanine of GTP in the active site. 

Marelli et al. (2004) previously showed that Rhol controls 
peroxisome membrane dynamics and biogenesis in S. cerevisiae. 
In addition, these authors showed that Rhol binds several 
peroxins in vitro, including Pex25. This led us to investigate 
whether Rhol is also involved in Pex25-induced peroxisome 
reintroduction in pexll pex25 cells. 

We first analyzed the localization of Rhol in H. polymorpha 
WT cells producing GFP-Rhol and DsRed-SKL to mark peroxi- 
somes. The data presented in Fig. 9 E convincingly show that GFP- 
Rhol colocalizes with peroxisomes as well as with the vacuole and 
plasmamembrane, like in S. cerevisiae (Marelli et al., 2004). 

We subsequently introduced the temperature-sensitive Rho 1 
mutation in the pexll pex25 strain containing PEX25-mCherry 
under control of P AOX (strain pexl 1 pex25 Prh 0 i RHOl " P AOX PEX25 
mCherry). Cells were pregrown on glucose at the permissive tem- 
perature (35°C) to the late exponential growth phase and subse- 
quently shifted to fresh glycerol/methanol-containing media and 
grown at the permissive or restrictive conditions. When grown at 
35°C, peroxisomes were readily formed and marked by Pex25 
mCherry (Fig. 9 H). The organelles were also readily detectable 
by electron microscopy (Fig. 10 A). However, at 44°C Pex25- 
mCherry initially (3-5 h of cultivation) was observed as a distinct 
spot (Fig. 9 I), most likely located at the ER/nuclear membrane, 
which disappeared again after further cultivation (not depicted). 
Synthesis of Pex25-mCherry in pexll pex25 cells without the 
temperature-sensitive mutation in RHOl resulted in peroxisome 
formation both at 35°C (Fig. 9 F) and 44°C (Fig. 9 G). 

Careful electron microscopical analysis of these cells failed 
to resolve peroxisomal structures at any time of cultivation. These 
data suggest that Rhol is involved in peroxisome reintroduction 
in H. polymorpha pexll pex25 cells (Fig. 10 B). Instead, these 
cells contained various tubular-shaped structures. Examples of 
longitudinal and cross sections through these structures are shown 
in Fig. 10, B-D. Possibly, these structures represent peroxi- 
somal prestractures which were unable to develop into normal 
organelles due to the absence of functional Rhol protein. Using 
yeast two-hybrid analysis we could not detect interaction of 
H. polymorpha Rhol with Pex25, Pexl 1, or Pex3 (Fig. 8). 
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Figure 9. Identification and localization of Rhol. Rhol was identified 
through a screen for conditional mutants affected in the formation of per- 
oxisomal structures in H. polymorpha pex3 cells that produce the first 50 
amino acids of the PEX3 gene fused to GFP(N 50 .Pex3-GFP). (A) Fluores- 
cence microscopy images of methanol/methylamine-grown cells of the 
pex3 P amo ^5oPEX3-GFP control strain grown at 35°C (A) or 44°C (B) and 
pex3 RHOV'Pamo N 50 PEX3-GFP grown at 35°C (C) or 44°C (D). (E) Local- 
ization of GFP-Rhol , produced in WT H. polymorpha cells that also synthe- 
size DsRed-SKL to mark peroxisomes. (F-l) Pex25-mCherry fluorescence in 
pex I I pex25 P AO x PEX25-mCherry cells grown at at 35°C (F) or 44°C (G) 
and in pex25 pexl 1 RHOl" P AO x PEX25-mCherry cells upon cultivation at 
35°C (H) and 44°C (I). Bar, 1 urn. 



Discussion 

We have analyzed the function of the H. polymorpha Pexll 
protein family in peroxisome formation. These studies identi- 
fied Pex25 as the first protein specifically involved in the re- 
introduction of peroxisomes in cells lacking preexisting ones. 



Our data indicate that Pex25 as well as Rhol act in the 
process of reintroduction of peroxisomes in cells lacking pre- 
existing peroxisomes. 

Remarkably, H. polymorpha pex25 cells are not peroxi- 
some deficient. We anticipate that this is related to the fact that 
peroxisome fission is not blocked in these cells. We therefore 
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propose that peroxisomes in pex25 cells are most likely formed 
by fission of preexisting ones. Because pex25 cells show a two- 
fold increase in doubling time during growth on methanol, the 
defect in the process of peroxisome formation from the ER may 
affect optimal peroxisome biogenesis and/or function, thereby 
reducing growth on methanol. 

The most surprising finding of our studies was that dele- 
tion of both PEX1 1 and PEX25 results in peroxisome deficiency. 
A simple explanation would be that both processes of peroxi- 
some proliferation (fission, which requires Pexll, and peroxi- 
some formation from the ER, which requires Pex25) are blocked 
in the double-deletion strain. As a consequence, peroxisomes 
are absent. Indeed, the phenotype of pexll pex25 cells is remi- 
niscent of H. polymorpha pexl9 cells (Otzen et al., 2004), in 
which Pex3 is also cytosolic. 

In pexll pex25 cells, Pex3 is not targeted to the ER and 
peroxisomes are not formed. Evidently, Pex25 is not required 
for targeting of Pex3 to the ER, as artificial targeting of Pex3 to 
the ER in pex3 pex25 cells did not restore peroxisome forma- 
tion. What the molecular function of Pex25 is during peroxi- 
some formation from the ER remains speculative. Most likely it 
acts at the ER, as it is localized in spots adjacent to the ER in 
pex3 cells. Different from Pexll, Pex25 is not evenly distrib- 
uted over the ER, but present in spots, which might represent 
the sites of peroxisome reintroduction. 

Interestingly, previously Marelli et al. (2004) showed that 
in S. cerevisiae Pex25 recruits the small GTPase Rhol to per- 
oxisomes. This led us to speculate that in addition to Pex25, 
Rhol also has a function in peroxisome reintroduction in 
H. polymorpha pexll pex25 cells. We show that, like in S. cerevi- 
siae, Rhol colocalizes with peroxisomes in H. polymorpha. 
Moreover, our data indicate that functional Rhol is required for 
peroxisome formation in pexll pex25 cells during reintroduc- 
tion of PEX25. The function of the protein in this reintroduction 
process is still speculative. At the restrictive temperature pexll 
pex25 RHO' s cells producing Pex25 contained various tubular 
structures instead of normal peroxisomes, which may suggest a 
failure in membrane fusion processes that are required for per- 
oxisome formation. A similar function for Rhol has been re- 
ported for vacuole membrane fusion (Logan et al., 2010) and 
membrane fusion at the plasmamembrane during exocytosis 
(Yamashita et al., 2010). 

The phenotype of the temperature-sensitive mutant 
3-34-ts at the restrictive temperature suggests that in the ab- 
sence of functional Rhol, Pex3 is not properly sorted to the 
ER. Similarly, Pex3 is cytosolic in pexll pex25 cells, but 
sorts to the same location as Pex25 upon reintroduction 
of PEX25. Likely, Pex3, Pex25, and Rhol are all required 
to form a functional preperoxisomal vesicle, a process that 
is disturbed when one of the three components is missing 
or defective. 

Our two-hybrid studies did not reveal direct physical 
interactions between Pex3, Pex25, and Rhol. Previously, Marelli 
et al. (2004) showed that Escherichia coli produced GST-Rhol, 
immobilized on glutathione resin, is capable to bind TAP-tagged 
S. cerevisiae Pex25 during incubation with a yeast extract con- 
taining this tagged protein. In this experiment, 5 out of 20 tested 




Figure 10. Electron microscopy. Electron microscopy of pexll pex25 
RHOl" cells that produce P AO x PEX25-mCherry. Cells were grown on 
glycerol/methanol/ammoniumsulphate for 5 h at permissive (35°C) and 
restrictive temperatures (44°C). Cross sections of the tubular-like structures 
are shown in B (overview of cell) and D (high magnification of B to show 
the tubular structure). (C) A longitudinal section through these tubular struc- 
tures. Bar, 500 nm. 

peroxins bound to Rhol, of which Pex25 and Pex30 showed the 
strongest interaction. The fact that we do not observe an interac- 
tion between H. polymorpha Pex25 and Rhol is possibly related 
to either the lower sensitivity of the two-hybrid assay or to the fact 
that the interaction may not be direct and requires additional 
H. polymorpha proteins, which are absent in the S. cerevisiae- 
based two-hybrid assay. 

At present, Pex3 is generally considered to represent the 
key player in peroxisome formation from the ER (Smith and 
Aitchison, 2009). Our current data confirm this crucial role of 
Pex3, but show that Pex25 and Rhol are also essential for re- 
introduction of peroxisomes in H. polymorpha cells lacking 
peroxisomal membrane structures. 

The common view on the function of Pexll in peroxi- 
some proliferation is that it is involved in elongation of preexist- 
ing organelles before the actual fission process. Our recent data 
on H. polymorpha Pexll are in line with this view (Opalinski 
et al., 2011). We previously showed that in this organism per- 
oxisome fission is the major pathway of peroxisome prolifera- 
tion (Nagotu et al., 2008b). Hence, in yeast deletion of a gene in 
peroxisome fission does result in a major reduction in peroxi- 
some numbers. As a consequence, in H. polymorpha pexll cells 
peroxisomes are most likely invariably formed from the ER. 
This is in line with our observation that, in the absence of Pex 1 1 , 
peroxisomes can be formed from the ER upon reintroduction of 
Pex3 in pex3 pexll cells. 

Detailed fluorescence microscopy including live-cell 
imaging (unpublished data) never revealed detectable amounts 
of Pexll protein at the ER in WT cells, as recently was 
reported for Pexll in S. cerevisiae (Knoblach and Rachu- 
binski, 2010). However, we detected H. polymorpha Pexll 
at the ER in pex3 cells and in pexll pex25 lacking peroxiso- 
mal structures. 
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Materials and methods 

Strains and growth conditions 

Yeast strains used in this study are listed in Table II. Yeast cultures were 
grown at 37°C on (a) YPD media containing 1% yeast extract, 1% pep- 
tone, and 1% glucose; (b) selective media containing 0.67% yeast nitro- 
gen base without amino acids, supplemented with 1% glucose (YND] or 
0.5% methanol (YNM); or (c) mineral media (MM; van Dijken et al., 1 976) 
supplemented with 0.5% glucose, or 0.5% methanol as carbon source and 
0.25% ammonium sulfate or 0.25% methylamine as nitrogen source. In 
the case of peroxisome-deficient cells, 0.1% glycerol was added to the 
methanol-containing media. If required, amino acids, uracil, or leucine 
was added to a final concentration of 30 pg/ ml. For growth on agar plates 
the medium was supplemented with 2% agar. For the selection of resistant 
transformants, YPD plates containing 100 ug/ml zeocin or 100 ug/ml 
nourseothricin (Invitrogen] were used. 

For cloning purposes, E. coll DH5a was used. Cells were grown at 
37°C in LB media supplemented with 100 ug/ml ampicillin or 50 ug/ml 
kanamycin when required. Cells were grown in shake flask cultures as de- 
scribed previously (Nagotu etal., 2008b). 

Construction of H. polymorpha strains 

The plasmids and primers used in this study are listed in Tables III and IV. 
All integrations and deletions were confirmed by Southern blotting. 

Construction of H. polymorpha pex25-mi\\ mutant 

A pex25 deletion strain was constructed by replacing the genomic region 
of PEX25 comprising nucleotides +198 to +784 by the antibiotic marker 
nourseothricin (NAT). To this end, pRSA018 was made using Gateway 
Technology (Invitrogen). Two DNA fragments comprising the regions —674 
to +197 and +785 to +2109 of the PEX25 genomic region were obtained 
by PCR using primers RSAPex25-l /RSAPex25-2 and RSAPex25-3/RSA- 
Pex25-4, respectively, and H. polymorpha genomic DNA as a template. 
The PCR fragments were cloned into the vectors pDONR-P4-lR and 
pDONR-P2R-P3, respectively, resulting in the entry vectors pENTR-PEX25 
5' and pENTR-PEX25 3'. From plasmid pAG25, the NAT fragment of 
pAG25 Ncol (partial digestionj-EcoRV was cloned into pHIPZ4 (Asp7\ 81 
(klenow fill-in)-Ncol), resulting in pHIPN4 (NAT). PCR amplification was 
performed using primers attBl -Ptefl -forward and attB2-Ttefl -reverse using 
pHIPN4 as the template. The resulting PCR fragment was recombined into 
vector pDONR-221 yielding entry vector pENTR-221-NAT. 

Recombination of the entry vectors pENTR-PEX25 5', pENTR-221- 
NAT, and pENTR-PEX25 3', and the destination vector pDEST-R4-R3, re- 
sulted in pRSA018. Subsequently, H. polymorpha WT leul.l ura3 cells 
were transformed with the 291 2-bp PEX25 deletion fragment, which was 
obtained by PCR using primers RSAPex25-5 and RSAPex25-6 and 
pRSAOl 8 as a template. The resulting strain was designated pex25. 

Construction of H. polymorpha pex 1 /C-null mutant 

A pex / IC deletion strain was constructed by replacing the genomic region 
of PEXI IC comprising nucleotides +1 86 to +595 by the antibiotic marker 
hygromycin B, HPH. Two DNA fragments comprising the regions —678 to 
+ 1 85 and +596 to +1454 of the PEXI IC genomic region were obtained 
by PCR using primers RSAPexl lC-l/RSAPexl 1C-2 and RSAPexl 1C-3/ 
RSAPexl 1C-4, respectively, and H. polymorpha genomic DNA as a tem- 
plate. The PCR fragments were cloned into the vectors pDONR-P4-l R and 
pDONR-P2R-P3, respectively, resulting in the entry vectors pENTR-PEXl 1 C 5' 
and pENTR-PEXl 1 C 3'. From plasmid pAG32 the HPH fragment of pAG32 
Ncol (partial digestionj-EcoRV was cloned into pHIPZ4 (Asp71 8l(klenow 
fill-in)-Ncol), resulting in pHIPH4 (HPH, hygromycin B). PCR amplification 
was done with primers art Bl -Ptefl -forward and attB2-Ttefl -reverse using 
pHIPH4 as the template. The resulting PCR fragment was recombined into 
vector pDONR-221 yielding entry vector pENTR-22 1 -HPH. Recombination 
of the entry vectors pENTR-PEXllC 5', pENTR-221-HPH, and pENTR- 
PEX1 IC 3', and the destination vector pDEST-R4-R3, resulted in pRSA019. 
Subsequently, H. polymorpha WT leul . I ura3 cells were transformed with 
the 3560-bp PEXI IC deletion fragment, which was obtained by PCR using 
primers RSAPexl 1C-5 and RSAPexl 1C-6 and pRSA019 as a template. 
The resulting strain was designated pexl IC. 

Construction of H. polymorpha strain producing Pexl 1C-GFP 

To enable Pexl 1 C localization in H. polymorpha WT cells, an in-frame fu- 
sion was constructed of the C terminus of the PEXI IC gene with the GFP 
gene, under the control of its homologous PEXI IC promoter. The PEXI IC 
gene was amplified using primers RSAPexl lCfusfw and RSAPexl lCfusrev, 



resulting in a product lacking the stop codon. This PCR product was then 
digested with Bglll and Hindlll and ligated in pSNAlO, resulting in plasmid 
pAMK24. Plasmid pAMK24 was linearized with BstBI and integrated into 
H. polymorpha WT cells. 

Integration of pHIPZ4-DsRed-Tl -SKL into the P A ox region of the 
H. polymorpha genome was achieved by transforming Sphl-linearized 
plasmid DNA. Random integration of pHIPX4-GFP-SKL into the H. polymor- 
pha genome was obtained by transforming Notl-linearized plasmid DNA. 

Construction of double and triple mutants 

The pex I I pex25 and pex3 pex I I mutants were obtained by crossing the 
pexl I and pex25 or pex3 and pexl I single mutants (Sudbery et al., 
1 988). Diploids were subjected to random spore analysis, and prototrophic 
segregants were subjected to complementation analysis to determine their 
genotypes. The pexl I pexl IC, pex25 pexl IC, and pex3 pexl IC double 
mutants were obtained by making a knockout of PEXI IC in pex I I , pex25, 
and pex3 (leu-), respectively. Strain pex3 pex25 was made by making a 
deletion of PEX25 in pex3 (leu-). The triple mutant pexl I pex25 pexl IC 
was made by a deletion of PEXI IC in pex I I pex25. The triple mutant pex3 
pexl I pex25 was made by crossing pex3 with pexl I pex25. 

The pex3 pex I I , pex3 pex25, and pex3 pex I I C strains producing 
Pex3-GFP were obtained by transforming pHIPZ5-PEX3-GFP in these 
strains. The pex3 pex I I strain producing Pexl 1-mCherry was obtained by 
transforming pRSA03 and pRSA017 in pex3 pexl I. 

The pex 1 1 pex25 double mutant producing Pex3-GFP under the endog- 
enous promoter was obtained by transforming linearized pHOR46 in pexl I 
pex25. The pexl I pex25 strain producing Pexl 1 mCherry or Pex25mCherry 
was made by transforming pRSA022 or pRSA08 in pexl I pex25. 

Strains containing a BiP N30 -Pex3 fusion protein 

For the construction of pENTR-P4-Pl R-P^ox^'^ N30i a PCR fragment of 1664 
bp was obtained by primers RSAatt P A ox F and RSAattBIPrev on pRSAOl 7. 
The PCR fragment was cloned into the vector pDONR-P4-Pl R, resulting in 
the entry vector pENTR-P4-Pl R-Paox8'Pn30- For the construction of entry vec- 
tor pENTR-22 1 -PEX3-ATG, PCR amplification was performed with primers 
RSAattBl Pex3fwA and RSAattB2Pex3rev on H. polymorpha genomic 
DNA. The PCR fragment 1 429 was cloned in entry vector pDONR-221 re- 
sulting in the entry vector pENTR-22 1 -PEX3-ATG. pEXP-BiP N30 -PEX3-mCherry 
was obtained by recombination of the entry vectors pENTR-P4-Pl R-PaoxB/Pwo, 
pENTR-221-PEX3-ATG, and pRSA02, and the destination vector pDEST-R4- 
R3-NAT. The Sphl-linearized plasmid was transformed in pex3, pex3 pex I I , 
pex3 pex25, or pex3 pex I I pex25. 

Construction of a strain containing a temperature-sensitive Rhol mutation 

For the construction of plasmid pR6-5, a PCR fragment of 1 1 1 9 bp was ob- 
tained using primers EMK1 1 and EMK12 and genomic DNA of a H. poly- 
morpha mutant strain containing a temperature-sensitive mutation in the 
RHOI gene. The resulting Nael-Sacll fragment was inserted between the 
Eco47lll and Sacll of pBSK URA3. For the construction of plasmid pHIPH- 
Rhol , a PCR fragment of 534 bp was obtained by primers RSARhol Notl fw 
and RSARhol Hindlllrev on pR6-5. The resulting Hindlll— Notl fragment was 
inserted between the Hindlll and Notl of pHIPH4. pHIPH-Rhol was linear- 
ized by Narl and integrated into the genome of pexl I pex25 P AO x PEX25- 
mcherry. Correct integration was confirmed by PCR and the fragment was 
sequenced to check for the mutation in the RHOI . 

Construction of a wild-type strain producing GFP-Rhol 

For the construction of entry vector pENTR-221-RHOl , PCR amplification 
was performed with primers GFP-Rhol fw and GFP-Rhol rev on H. polymor- 
pha genomic DNA. The PCR fragment of 652 bp was cloned in entry 
vector pDONR-221 resulting in the entry vector pENTR-22 1 -RHOI . 
pEXP-GFPRhol was obtained by recombination of the entry vectors 
pENTR/41-PAMO-GFP, pENTR-221 -RHOI , pENTR/23-TAMO, and the 
destination vector pRSA07. The Dralll-linearized plasmid was transformed 
to H. polymorpha WT. To mark the peroxisomes, pSNA03 linearized by 
Kpnl was transformed into the same strain. 

Construction of other plasmids 

For the construction of plasmid pRSAOl , a PCR fragment of 700 bp was 
obtained by primers RSA1 Ofw and RSA1 1 rev on pCDNA3. 1 mCherry. The 
resulting Bglll-Sall fragment was inserted between the Bglll and Sail of 
pANL3 1 . For construction of plasmid pRSA02, PCR was done with primers 
RSA1 2Fw and RSA1 3Rev on pRSAOl . The PCR fragment was cloned into 
the vector pDONR-P2R-P3, resulting in the entry vector pRSA02. For the 
construction of entry vector pENTR-P4-Pl R-Paox, PCR amplification was 
done with primers art P AO x F and att P AO x R °" pANL29. The PCR fragment 
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Table II. Yeast strains used in this study 


Strain 


Description 


\ A/T 
W 1 


k \(~\zr~ zinc L,, i i fc.JL— . , „i „i i nooi 
NLYL4V0 uraJ leu I . I [oudbery et al., lyac] 


\A/T ri-D IT1 Cl/I 

W 1 DsKed-l 1 -oKL 


\A/T ,. ,:4.U „l_J 1 D7 y| h.D^-J T1 Cl/I /—..7 7 / K A „ 4,,-„L„ „t „l Hr\f~\tZ\ 

Wl with pnlrZ4-DsKed-l 1-oKL, leu 1 . 1 (Monastyrska et al., zUUo] 


pex 1 1 


PFYl 7 Aalat'^r, la, i 7 7 (kVlLUan at « 1 OHflOl 

rEA / / deletion, leu I . I [isriKKen et al., zuuyj 


7 7 prn Cl/l 

pex 1 I .(jrr-oKL 


pex / / with pnlrZ4-(j7rr-ol\L (INagotu et al., zlKJob] 


pex25 


PFYO /JnUtlnn tmil 7 ur«9 

rcAZO deletion, /eu / . / , vroo 


„„„oc ri^D^J ci/i 
pexz.9.LJsKed-or\L 


pexZO with pnlrZ4-UsKed-l l-ol\L 


\A/T P Q v 1 1 i^FP 

W l. rex l \-\j\r 


\A/T r>FYP PFYl 1 r*FP 
vv 1 witn ptAr-rtA 1 l-Orr 


\a/t p Q v9 ^ r;FP 
vv i.rexzo-orr 


vv i wnn p/vi^L i 


\a/t povi l c cs-p 
vv i . rex i i v--\jrr 


\A/T \*/Itk riAAAk'O/l 
vv i wnn pA/viixz^i- 


pex / 7 C 


PF*V 7 7 f~ (-jQlati/^n /an 7 7 iirn'3 

rcA / / i_ aeierion, leu i . i , urcto 


„. v i is- ri.p.j ci/i 
pex i /(_. usKea-ol\L 


f-.Qv7 7/^i*<;+k r>WIP7/1 ricPa^JTl Qk'l 

pexl / L. witn pnirz-4-usKea-i i-oi\L 


pex 1 1 pex2o~ 


rcA / / rcAzo aouoie aeierion srrain 


pex / / pexzj. L'sixea-orxL 


nfly | 7 r>ov9^ with r,l-IIP7/i HcPorlTl ^k'l 

pex t i pexzo with pnirz z i--L-'si\ea-i i-oi\.l 


pex i 1 pexzo .rexo-^rr 


pex i i pexzo wirn pn^JK^o 


pex] 1 pex25. Pexl 1-mCherry 


„ — v, 7 7 >-i^^9 ^ n/!ik »^PCAr\99 

pexl l pexzo with pKoAUzz 


pex] / pex25. Pexl 1-mCherry Pex3-GFP 


„ — v, 7 7 nnvOCiiiIt'li ^PCAri99 ^.^^J I— 1 D A 

pexl l pexzo with pKoAUzz and pnL-'K40 


pexl I pexzo.rexl 1 -mLherry.DirN3o _c ^rr-nUbL 


pex / / pexzo with pKoAUzz and pnlrA4-DirN3o-^rr-nL>bL 


pex i I pexz-j.rexi i -nn^.nerry.^rr-oi\L 


_. v ] 7 „ ov o ^ ...jfU ^P^Afi99 ^nrJ nl-IIPY/1 (^FP C.k'l 
pex i i pexzo wirn pKoAuzz ana pnirA z i--^j7rr-oixL 


pex / / pexzo. rexz o-mLherry 


pex / / pexzo with pKoAUo 


pex] 7 pex2.5. Pex25-mCherry Pex3-GFP 


7 7 i-invO 1 ? i./ilk i-iPCAf\Q nnJ „ 1—1 D /I A 

pexl I pexzo with pKoAUo ana pnLJK4o 


pex / / pexzo. rexzj-nn^.nerry.DirN3o-wrr-nL'CL 


pex 1 i pexzo wirn pixOAwo ana pnirA'4-Dir[sj3o-v-7rr-nL'CL 


pex / / pexzo. rexzo-mLherry.Orr-oKL 


pexl 1 pexzo with pKoAUo and pnlrA4-(j7rr-oKL 


pex / / pex / / C 


rcA / / rcA / / aouuie aeierion srrain 


pex i i pex i 1 usKea-oixL 


„ ov 7 7 „„ v 7 7(^,.,;*U r~,|-|IP7/1 ricpQ^lTl Qt/| 
pex 1 i pex i i wnn pnirz.^--L'SKea-i i-onl 


pex2o~ pex / / C 


PFYOR PFYl If ^J^nkla Aa\a\\r^r- cir^in 

rcAZO rtzA I t L. douule aeietion strain 


pexzo pex i i i_.usi\ea-oixL 


pexzo pex i /l. wirn pnirz.^-i i -L/SKea-oi\L 


pex] / .Pexl 1-mCherry 


pex 1 1 WITN pKOAUJ 


pex J pex 1 I 


rtAj rtA / / double deletion strain 


pexo pex / /.rexo-Orr 


««.,"3 7 7 ..,:*L ^UIIP7^ DnuQ PCD 

pexo pex / / with pnlrZO-rexo-Orr 


pex3 pex] / .Pexl 1-mCherry 


pexo pexl I witn pKoAUo 


pexo pexl /.rexl 1 -mL.nerry.DirN3o- t ^rr-nUtL 


pex J pex 1 1 .rex 1 1 -mt-herry with pKoAU 1 / 


v o povOC m rL, Qr ,„ D;p /^IFP WHFI 
pexj .rexzo-m^nerry. Dir|\i3o-vjrr-nL'tzL 


pexo aeienon STrain wirn prcoMuo ana pKoAU i / 


pex J . r exo-o r r 


rtAO aeietion with pnlrZ.0-rexJ-tj7rr (iNagotu et al., zUUob) 


pex3 


rtAO aeietion strain, urao (baerenas et al., I yyoj 


pex3 pex25 


PFY? PFYO *\ A/->i ikl& /-lolati/-%ri ctr«in 

rcAO rcAzo aouDie aeienon STrain 


pex3 pex25. Pex3-GFP 


„ ~ v O nav?^ t-.WIP7'> PqvQ ^IFP 

pexo pexzo wirn pnirz.o-rexo-vj7rr 


pex3 pex / / C 


rtzAo rcA I / L. aoubie aeierion srrain 


pexo pex / /C.rexo-Orr 


O 7 7 'iL l_IID"7C D O r-rn 

pexo pex / /C with prilrZo-rexo-OrH 


pex3 pex / / pex25 


PEX3 PEX] ] PEX25 triple deletion strain 


pex3. B/P N 3oPex3-mCherry 


PEX3 deletion with pEXP-BiP N30 -PEX3-mCherry 


pex3 pex / / .6/P N30 Pex3-nnCherry 


PEX3 PEX] ] deletion with pEXP-BiP N30 -PEX3-mCherry 


pex3 pex25.6/Pfv/3oPex3-nnCherry 


PEX3 PEX25 deletion with pEXP-BiP N30 -PEX3-rnCherry 


pex3 pex / / pex25.B/P/s/3oPex3-mCherry 


PEX3 PEX] ] PEX25 deletion with pEXP-BiP N 3o-PEX3-mCherry 


L-40 S. cerevisioe 


MATa Ieu2 his3 trpl ode2 GAL4 gal80 LYS2::(lexAopj 4 -HIS3 URA3::(lexAop) s -lacZ 




(Takara Bio Inc.) 


WT.GFP-Rhol 


WT with pEXP-GFPRhol 


WT.GFP-Rhol DsRed-SKL 


WTwith pEXP-GFPRhol and pSNA03 


pex / / pex25 RHOV s Pex25-mCherry 


PEX] / PEX25 double deletion with pHIPH-Rhol and pRSA08 


pex3 N 50 -Pex3-GFP 


PEX3 deletion with N 50 .Pex3-GFP (Faber et al., 2002a) 


pex3 RHOV s N 50 .Pex3-G?? 


PEX3 deletion with N 50 .Pex3-GFP with RHO] ts 



was cloned in entry vector pDONR-P4-PlR resulting in the entry vector 
pENTR-P4-Pl R-Paox- pRSA03 was obtained by recombination of the entry 
vectors pENTR-P4-Pl R-P AO x, pENTR-221-PEXl 1 , and pRSA02, and the des- 
tination vector pDEST-R4-R3-NAT. For stable integration of the plasmid 
pRSA03 into the H. polymorpha genome, the plasmid was linearized with 
Sacll in the P AO x region and transformed to pexl 1 , pex3, pexl 1 strains. 

The PEX25 coding sequence lacking a stop codon was amplified using 
the primers BB-JK-037 and BB-JK-038 and cloned into the vector pDONR-22 1 



resulting in plasmid pENTR-221-PEX25. Plasmid pRSA06 was obtained by 
recombination of the entry vectors pENTR-P4-Pl R-P AO x, pENTR-221-PEX25, 
and pRSA02, and the destination vector pDEST-R4-R3-NAT. For stable integra- 
tion of the plasmid into the H. polymorpha genome, the plasmid was linear- 
ized with Sacll in the Paox region and transformed to H. polymorpha WT. 

For the construction of pRSA07, a 519 bp BamHI-Ncol fragment 
from pREMI-Z was inserted between the BamHI and Ncol of pHIPZ4-Nia to 
get plasmid pDEST-Zeo-tussen. The 1143 bp Hindlll— Asp7 1 81 fragment 
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Table III. Plasmids used in this study 


Plasmid 


Description 


Source/Reference 


pBluescript II 


Standard vector 


Fermentas 


pnirz.^-L'srcea-i i-ofxL 


Plasmid containing pAox&sRed-SKL, zeo R , amp R 


Monastyrska etal., 2005 


„AMI OO 

pAINLzV 


pnlrz.4 containing "aox^i r-oM, zeo , amp 


Leao-nelaer et al., zULM 


pnir A4-^rr-oixL 


nasmia conraining "aox^' > 'dixL, zeo , Kan 


raoer er ai., zuuzd 


— AMI T 1 
pAINLJ 1 


pnlrz.-e^rr tusionaror, amp 


Leao-neiaer et al., zULM 


polNA 1 U 


mbrr in pnlrZ. vector, amp 


oaraya et al., zu l u 


polNAUvJ 


Plasmid containing pAoxE)sRed-SKL 


iNagoru er ai., zuuod 


pL.uiNAJ. I m^nerry 


Plasmid containing mCherry, amp R 


onaner et ai., zuu4 


pAOzO 


Plasmid containing nourseothricin marker, amp R 


Eu rosea rf 


pAOJz 


Plasmid containing hygromycine B marker, amp R 


Eu rosea rf 


pnlrz.4 


pHIP containing zeocin marker, amp R 


naan et al., zuuz 


pnlr IN4 


pHIP containing nourseothricin marker, amp" 


This paper 


^UIDLJ A 

pnirn*i 


pHIP containing hygromycine B marker, amp" 


This paper 


_|_||PY"7 
pnlrA/ 


pHIP containing leucine marker, kan R 


baerenas et ai., I yyo 


pnlrA4 


Plasmid containing P,aox, 5c LEU2, kan R 


oietl et al., I W4 


ptIN 1 K-rtAzO D 


puwiNK-r4-r l K containing d region ot rcAzD, Kan 


This paper 


pCIN 1 K-r CAZO J 


pL/WiNK-rzK-ro comaming J region or "cazd, Kan 


This paper 


pENTR-PEXl 1C 5' 


pDONR-P4-Pl R containing 5' region of PEX1 1C, kan R 


This paper 


pENTR-PEXl 1C 3' 


pDONR-P2R-P3 containing 3' region of PEX1 1C, kan R 


This paper 


pENTR-221-NAT 


pENTR-221 containing nourseothricin marker, kan R 


This paper 


pENTR-221-HPH 


pENTR-221 containing hygromycine B marker, kan R 


This paper 


pAMK24 


Plasmid containing PEX1 1C-GFP, amp R , zeo R 


This paper 


pMCEl 


C-terminus of PEX25 fused toGFP in pSNAl 0, amp R 


Laboratory collection 


pHIPZ5-PEX3-GFP 


pHIPZ5 containing PEX3-GFP under control of amine 
oxidase promoter, zeo 


Nagotu etal., 2008b 


pHOR46 


Self-ligated 7.2-kb No1\-Mlu\ (both Klenow-treated) 
fragment of pFEMl 52 


Haan et al., 2002 


f-,nr^Kip pyi pi p 

pU^JINK-r4-r 1 K 


Standard Gateway vector 


Invitrogen 


^nriMP pop pt 

pUtJINK-rZK-r J 


Standard Gateway vector 


Invitrogen 


nHPlKIP 99 1 


Standard Gateway vector 


Invitrogen 


_Ck|T|J DA pi p p 

ptIN 1 K-r4-r 1 K-r^ox 


_P\f^\K 1 □ PA PI P n^ninlnlnn P L ~ „ R 

puwiNK-r4-r l K containing "aox, Kan 


This paper 


-pkiTo da pi p p D;p 
ptIN 1 K-rA-r 1 K-rAOXDirN30 


„ Pl/^lK 1 D P>l PI P f-nntnlninn P P.ID L R 

puWlNK-r4-r I K containing rAOX&i<N30, Kan 


This paper 


rtFMTP 99 1 PFV 1 1 
pCIN 1 K-ZZ 1 -r lA 1 1 


r-.FMTP991 r^ntnlnmn PFY 1 1 Ln R 

pciN i k-zz i coniaining "ca i i , Kan 


This paper 


P ENTR-221-PEX25 


pENTR-221 containing PEX25, kan R 


This paper 


pENTR-22 1-PEX3-ATG 


pENTR-221 containing PEX3 without start codon, kan R 


This paper 


P DEST-R4-R3 


Standard Gateway vector 


Invitrogen 


P DEST-R4-R3-NAT 


pDEST-R4-R3 containing nourseothricin marker, amp R 


This paper 


pRSAOl 


pHIPZ4-mCherry fusionator, zeo R 


This paper 


pRSA02 


pDONR-P2R-P3 containing mCherry-T AUO , kan R 


This paper 


pRSA03 


pDEST-R4-R3-NAT containing PEX1 1-mCherry under control of 
alcohol oxidase promoter, amp 1 


This paper 


P RSA06 


pDEST-R4-R3-NAT containing PEX25-mCherry under control of 
alcohol oxidase promoter, amp 1 


This paper 


pRSA07 


pDEST-R4-R3 containing zeocin marker, amp 1 


This paper 


P RSA08 


pRSA07 containing PEX25-mCherry under control of 
alcohol oxidase promoter, amp 1 


This paper 






pRSA017 


pHIPZ4 containing BIPmo fused to GFP-HDEL under control of 
alcohol oxidase promoter, zeo R , amp 1 


This paper 


pRSA018 


pDEST-R4-R3 containing PEX25 deletion cassette, 
nourseothricin marker, amp 1 


This paper 


pRSA019 


pDEST-R4-R3 containing PEX1 1C deletion cassette, 
hygromycine B marker, amp 1 


This paper 


pRSA022 


pRSA07 containing PEX1 1-mCherry under control of 
alcohol oxidase promoter, amp 1 


This paper 






pEXP-BiP N30 -Pex3-mCherry 


pRSA07 containing BIP N30 PEX3-mCherry under control of 
alcohol oxidase promoter, amp 1 


This paper 






pEXP-PEXl 1-GFP 


pDEST-R4-R3-NAT containing PEX1 1-GFP under control of 
alcohol oxidase promoter, amp 1 


Nagotu etal., 2008b 


pREMI-Z 


REMI plasmid, amp 1 


van Dijketal., 2001 


pHIPZ4-Nia 


pHIPZ4 containing Nia, amp 1 


Faber et al., 2002a 
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Table III. Plasmids used in this study {continued} 



Plasmid 


Description 


Source/Reference 


pDEST-Zeo-tussen 


pDEST with Zeocin marker, amp R 


This paper 




pBS-BiP 


p-Bluescript II containing BIP 


This paper 




P BS-BiP N30 -GFP-HDEL 


p-Bluescript II containing BIP m0 .GFP-HDEL, amp R , 


This paper 




pHIPX7-BiP N3 o-GFP-HDEL 


pHIPX7 containing B/P N30 fused to GFP-HDEL, ScLEU2, kan R 


This paper 




pHIPX4-BiP N30 -GFP-HDEL 


pHIPX4 containing 8/P N30 fused to GFP-HDEL, ScLEU2, kan R 


This paper 




pBTMl 16-C 


Yeast two-hybrid vector containing LexA binding domain, amp 8 , TRP1 


Takara Bio Inc. 


pVP16-C 


Yeast two-hybrid vector containing LexA activation domain, amp", LEU2 


Takara Bio Inc. 


pBTMl 16-PEX1 1 


pBTMl 16 containing H. polymorpha PEX1 1 CDS, amp", TRP1 


This paper 




pVP16-PEXl 1 


pVPl 6 containing H, polymorpha PEX1 1 CDS, amp", LEU2 


This paper 




pBTMl 16-PEX25 


pBTMl 1 6 containing H. polymorpha PEX25 CDS, amp", TRP1 


This paper 




pVP16-PEX25 


pVPl 6 containing H. polymorpha PEX25 CDS, amp", LEU2 


This paper 




pBTMl 16-RHOl 


pBTMl 16 containing H. polymorpha RHOICDS, amp", TRP1 


This paper 




pVP16-RH01 


pVPl 6 containing H. polymorpha RHOI CDS, amp R , LEU2 


This paper 




pBTMl 16-PEX3 


pBTMl 16 containing H. polymorpha PEX3 CDS, amp R , TRP1 


Saraya et al., 


2010 


pVP16-PEX3 


pVPl 6 containing H. polymorpha PEX3 CDS, amp", LEU2 


Saraya et al., 


2010 


pBTMl 16-PEX19 


pBTMl 16 containing H. polymorpha PEX1 9 CDS, amp", TRP1 


Saraya et al., 


2010 


pVP16-PEX19 


pVPl 6 containing H. polymorpha PEX19 CDS, amp R , LEU2 


Saraya et al., 


2010 


P R6-5 


pBS URA3 containing RHOV 


This paper 




P BSK-URA3 


pBluescript II containing H. polymorpha URA3 


Leao-Helder etal., 2003 


pHIPH-Rhol 


Plasmid containing RHOV' and hygromycin marker 


This paper 




pENTR-221-RHOl 


pENTR-221 containing RHOI, kan R 


This paper 




pENTR/41-PAMO-GFP 


Gateway vector containing Pamo GFP 


Nagotu et al., 


2008a 


pENTR/23-TAMO 


Gateway vector containing AMO terminator 


Nagotu et al., 


2008a 


pEXP-GFPRhol 


pRSA07 containing GFP-RHOI under control of the amine 


This paper 





oxidase promoter, amp* 



(blunted) from pDEST-Zeo-tussen was ligated with pDEST-R4-R3 (digested 
with Sfol] to obtain pRSA07. pRSA08 was obtained by recombination of 
pENTR-P4-PlR-P AC *, pENTR-221-PEX25, and pRSA02 and destination vec- 
tor pRSA07. pRSA022 was obtained by recombination of pENTR-221- 
PEX1 1 pENTR-P4-PlR-P AO x, pRSA02, and destination vector pRSA07. 

For the construction of plasmid pBS-BiP, a PCR fragment of 1 00 bp 
was obtained by primers KN18 and KN19 on genomic DNA, and the re- 
sulting BamHI-Hindlll fragment was inserted between the BamHI and Hindlll 
of pBlueScript II. To obtain plasmid pBS-BiPN 3 o-GFP-HDEL, PCR fragment of 
700 bp was obtained by primers KN14 and KN17 on pANL29, and the 
resulting Sall-Bglll fragment was inserted between the Sail and Bglll of 
pBS-BiP. Subsequently, pBS-BiP N30 -GFP-HDEL was digested with BamHI-Sall 
and ligated with BamHI-Sall-digested pHIPX7 to obtain pHIPX7-BiP N30 - 
GFP-HDEL. BamHI-EcoRI fragment (sticky ends filled in) of pHIPX7-BiP N30 - 
GFP-HDEL was ligated with Hindlll— EcoRI fragment (sticky ends filled in) of 
pHIPX4 to obtain pHIPX4-BiP N30 -GFP-HDEL. To obtain plasmid pRSA017, 
Notl-Sall fragment of pHIPX4-BiP N30 -GFP-HDEL was ligated with Notl-Sall 
fragment of pHIPZ4-DsRed-Tl -SKL. For random integration of the plasmids 
pHIPX4-BiP N30 -GFP-HDEL and pRSA017 into the H. polymorpha genome, 
the plasmid was linearized with Kpnl and transformed to various strains. 

Yeast two-hybrid analysis 

The LexA system was used for screening interactions between H. polymor- 
pha proteins using derivatives of the reporter strain 5. cerevisiae L-40 
(MATa Ieu2 his3 trp I ade2 GAL4 gal80 LYS2::(lexAop) 4 -HIS3 URA3:: 
(lexAopj s -lacZ; Takara Bio Inc.). 

For PEXi I, PEX25, and RHOI, a 799-bp DNA fragment compris- 
ing the entire PEXI I coding sequence, a 1297-bp DNA comprising the 
entire PEX25 coding sequence, and a 61 1 -bp fragment were amplified 
with primer combinations RSAPexl 1 fwbamhi + RSAPexl 1 revsali, RSA- 
Pex25fwbamhi + RSAPex25revsali, and RSARhol fwbamhi + RSARhol 
revsali, respectively, using genomic H. polymorpha WT DNA as template. 
PCR fragments were digested with BamHI and Sail and inserted between 
the BamHI and Sail sites of the vectors pBTMl 16-C and pVP16-C, respec- 
tively. This yielded plasmids pBTMll 6-PEX1 1 , pVP16-PEXl 1, pBTMl 16- 
PEX25, pVP16-PEX25, pBTMl 16-RHOl, and pVP16-RH01, respectively. 

S. cerevisiae L-40 was cotransformed with the indicated pVPl 6- and 
pBTMl 16-derived fusion constructs. Subsequently, (3-galactosidase filter lift 



assays were performed according to the manufacturer's instructions 
(Takara Bio Inc.). From each cotransformation three independent transfor- 
mants were tested. Empty vectors were used to check for reporter self- 
activation. The well-established HpPex3-HpPexl 9 interaction was used as 
a positive control. 

Molecular and biochemical techniques 

Standard recombinant DNA techniques and transformation of H. polymor- 
pha was performed as detailed previously (Faber et al., 1 994). Crude cell 
extracts of TCA-precipitated cells were prepared as detailed previously 
(Baerends et al., 2000). SDS-PAGE and Western blotting were performed 
by established methods. Western blots were probed with polyclonal anti- 
bodies raised in rabbit against various H. polymorpha proteins. 

Fluorescence microscopy 

All images were made at room temperature using a lOOx 1 .30 NA Plan 
Neofluar objective (Carl Zeiss). Images were captured in the media in 
which the cells were grown. 

Wide-field images were captured using a fluorescence microscope 
(Axioskop50; Carl Zeiss) using MetaVue software and a digital camera 
(model 1300Y; Princeton Instruments). GFP signal was visualized with a 
470/40-nm bandpass excitation filter, a 495-nm dichromatic mirror, and a 
525/50-nm bandpass emission filter. DsRed fluorescence was visualized 
with a 546 / 12-nm bandpass excitation filter, a 560-nm dichromatic mirror, 
and a 575-640-nm bandpass emission filter. mCherry fluorescence was 
visualized with a 587/25-nm bandpass excitation filter, a 605-nm dichro- 
matic mirror, and a 647/70-nm bandpass emission filter. Confocal images 
were captured using a confocal microscope (LSM510; Carl Zeiss), using 
photomultiplier tubes (Hamamatsu Photonics); images were acquired using 
AIM 4.2 software (Carl Zeiss). GFP fluorescence was analyzed by excita- 
tion of the cells with a 488-nm argon ion laser (Lasos), and emission was 
detected using a 500-550-nm bandpass emission filter. The DsRed signal 
was visualized by excitation with a 543-nm helium neon laser (Lasos) and 
emission was detected using a 565-61 5-nm bandpass emission filter. 

Electron microscopy 

Intact cells were collected by centrifugation and subsequently washed 
with distilled water to remove excess cultivation media before fixation in 
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Table IV. Primers used in this study 


Primer Name 


Sequence 


□ CAD O C 1 

RSArexzo- 1 


0 -GGGGALAAL 1 1 IGIAIAGAAAAGI IGLAAAGILIGGAIGGAGGLI ILAILIL-J 


n c a n o c o 

R5APex25-2 


5 -GGGGACTGLTTTTTTGTAC AAACTTGAGCGTGGCATGCGGTTC ATAGAAAC-3 


DC A D„,,0 C O 

KoAPexzo-o 


c ' r~ (~~ (~* a p A/^rTTTrTTPTA ("aaa nrr p a nrTrTrrTrrrrTA p a a p atp o > 
D -GGGGALAGLI MCI IGlALAAAGIGGGAGILILJGLILGLGIALAAGAIL-o 


DC A D„,-0 C /( 

KoAPexzo-4 


C ' r*f~-(~-r* ATAA PTTTPTATA ATA A A PTTP A nTrT 1 A PTTmr TP PTTP T A TP O ' 

3 -GGGGALAAL 1 1 IGIAIAAIAAAGI IGAL.I IGGAGLIGLIGIGLI IG IAI G-o 


attb 1 -PteM -forward 


C ' f- f~~- r"- f"~ k f k A r v TTTr , TA P A A A A A A PP A P PPTP AT(~^~rTT" A/" A/" APP ATA PPTTP O ' 

o -GGGGALAAGI 1 IGIALAAAAAAGLAGGL1GAILL.LLLALALAL.LAIAGLI IL-o 


aftbz- Iter [-reverse 


C' f~~- f- f"~ k r~ r~ k /"tttpta p a a p a a a mrmrrTmnTr/^ A P A PTPP AT/^r O ' 

o -GGGGALLALI 1 1GIALAAGAAAGLIGGGIGLILGI 1 1 ILGALALIGGAIGG-o 


DCAD O C C 

KoAPexzo-o 


o -L 1 GGAI GGAGGL. 1 1 L.AI L 1 L-o 


DC A D„,,0 IZ /. 

KoAPexzo-o 


o -GGAGC 1 GL 1 G 1 GL 1 1 G 1 Al G-o 


DC A D„>, 1 1 P 1 

KoAPex 1 1 L- 1 


c r* t~* (~* k<~~ a a /~ttt/^tata rAAAA /^tt^ta k(~* Amr ATrTrrTrnrr at o ' 
o -GGGGALAAL IMG 1 Al AGAAAAG 1 1 G 1 ALLAGAGC 1 CAI G 1 GL 1 G M LLAG-o 


DC A D„w 1 ir 1 

KoArex 1 1 L-z 


C ' f~- f~* (~* f~* A r TP rTTTTTTP T A rAAA rTTP k k(~* kTff ATA A r*~ A P A rmr^ A /~ A P O ' 

o -GGGGALIGLI INI IGIALAAALI IGAAGAILLAIAALAGACGGILGALAG-o 


DCAD 1 ir 1 

KoAPex 1 1 L-o 


o -GGGGALAGC 1 1 1 C_ M G 1 ACAAAG 1 GGCAAC 1 GGALGLACC 1 1 GAAAAG 1 C-o 


DC A D„w 1 1 P A 

KoArex 1 1 L-4 


c r~ <~~ k<~~ a a /~ttt/"tata at a a a r^~n<~-r* a a Ar > rrpr , TrTATr Amr a kr^ r~ o > 
D -GGGGALAALI 1 IGIAIAAIAAAGI IGGAAAGCLGGICIAILAGGILAAGL-o 


DC A D„w lire 

KoArex 1 1 L-j 


o -ALCAGAGC 1 CAI G 1 GL. 1 G 1 1 LCAG-o 


DCAD 1 ir / 

KoAPex 1 1 L-o 


d -GAAAGLCGG 1 C 1 Al CAGG 1 CAAGC-o 


DCAD 11 P£ L 

KoAPex 1 1 Lrusrw 


o -LLLAAGC1 1 IGCIGLGACIGLIAGCCAAICCCA-o 


DCAD 11 P£ 

KoArex 1 1 Lrusrev 


o -AGAI C I 1 LCAALAAGC 1 GGLGLAAL 1 G 1 GCAGA-o 


D D W A07 
DD-JMJO/ 


C ' f~- f~* (~* A /""* A A PTTTPTA /~ A A A A A Apr A PPrTPTATPTrP 1 1 1 A A A r"/" ATf~TTTATA O ' 

o -GGGGALAAGI 1 IGIALAAAAAAGLAGGLIGIAIGICGI 1 IAALGALGAILI 1 lAIAGGG-o 


D D w r\o o 

DD-JK-UOO 


c r* t~* (~* kc c k rTTT^TA r~ k kr^ k k APrTP/^rTTATTr ArrrA^rr ATTTAmrrTTTTrrr o » 
o -GGGGALLAL.I 1 IGIAL.AAGAAAGLIGGGI IAI ICAGGL.AGGGAI 1 IAGCICLI 1 1 ILCG-o 


D C A u D C 

RSAatt P A ox F 


C' (~- 1~- C~ k r~ k k (~TTTr , TATA /" A A A A f~^TTC-f~- AT/~T/~P k C C f~~~ k k k Cf~- ATP O ' 

o -GGGGALAALI 1 IGIAIAGAAAAGI IGGAICILGACGLGGAGAALGAIC-o 


D C A u.D ID 

KoAattblPrev 


o -GGGGAL I GL II I II I G 1 ALAAAL 1 1 GGAAAL 1 GL 1 G 1 G 1 1 G 1 1 AG 1 G-o 


DC A «ilD 1 D ~ O C A 

KoAattD 1 PexorwA 


C f~~ (~~ (~* kf A A i^TTTrTA /~A A AAA APf A rrTTmTrr A AT ATT /"T A f~~ kf~- ATrTT O ' 

o -GGGGALAAGI I IGIALAAAAAAGLAGGLI IGI ILL.AAIAI IGIAGAGAILI l-o 


Ko Aattbz Pexo rev 


c r~ t~~ (~~ k<~~ r~ k ruTPTA r~ k kr^ k k ArnrrrTA kr^c ATrr a a att a rArTATAr t 
o -GGGGALLALI 1 IGIALAAGAAAGLIGGGIAAGLAILGAAAI lAGAGIAGAL-o 


DC A 1 AC . , 

KoA 1 Urw 


D -GAAGAI L IAI GG 1 GAGL.AAGGGL.GAGGAG-J 


RSA 1 1 rev 


o -GL.G 1 G 1 L.GAL. I IACI 1GIALAGLILGILLA1GLC-J 


RSA1 2Fw 


C' (~* f- f~~ k C k PrTTTrTTPTA /"AAA f-T f- f- f f A TP /"TP APPA A P f k P P A P *0' 

o -GGGGALAGLI 1 IL.I IGlALAAAGIGGCLAIGGIGAGCAAGGGLGAGGAG-o 


DC A 1 OD„, , 

KoA 1 oKev 


C ' f~* (~~ f~* A P A A PTTTPTATA ATA A A PTTPPP ATPTP A A f f~~~V (~~ A PTTTPTP O ' 

o -GGGGALAAL IMG 1 Al AAI AAAG 1 1 GLGAI L 1 GAALL. 1 LGAL. 1 1 1 L 1 G-o 


att P A ox r 


C f~- f~* (~* (~* A P A A PTTTPTATA P A A A A PTTPP ATPTP P APPPPPAPA APP ATP O ' 

o -GGGGALAAL 1 1 IGIAIAGAAAAGI 1 GGAI L 1 LGAL GLGGAGAALGAI L-o 


att P AOX R 


C ' (~- 1~- f~~ k PTPPTTTTTTPT A P A A A PTTP PTTTTTPT A PTTT A P ATTP ATPTP A PP O ' 

o -GGGGAL I GL II 1 II 1 G 1 ALAAAL 1 1 GG 1 1 1 1 1 G IAL 1 1 1 AGAI 1 GAI G 1 LACL-o 


KN 1 8 


C ' PPP A A P PTTPP ATPP ATPTTA A PTTTP A ATA A PTP O ' 

o -LLLAAGCI IGGAICLAIGI IAACI 1 ILAAIAAGIL-o 


KN 1 9 


C ' PPP A A PPTT A P ATPT A A A PTPPTPTPTTPTTA /~*TP P P O ' 

o -GGGAAGL 1 IAGAI L 1 AAAL 1 GL 1 G 1 G 1 IGI 1 AG 1 GGG-o 


KN 1 4 


c ' r~r~ r~r~ tp p a p a a pptpta pttpp a ptpp a p atptptp appa k f~* r~ app app 
o -LLLL 1 LGAGAAL.L 1 G IAL. 1 1 LLAG 1 LGAGAI L 1 G 1 GAGLAAGGGLGAGGAGL-o 


KN 1 / 


C ' f~~ (~~ f~* TP P A PTTA P A PPTPPTPPTP A A PPTTPTA P A PPTPP O ' 

o -GGGG 1 LGAL 1 1 ALAGL 1 LG 1 LG 1 GAAGL. 1 1 G IALAGL 1 LG-o 


DCAD 1 1 £. L L ' 

KoAPex 1 1 rwbamhi 


C ' PPPPP ATPP A TP PTTTP PPAPAPPATA AP O' 

o -LGLGGAICLAIGGI 1 1 GCGALACGAIAAL-o 


DCAD 11 1 " 

KoAPex 1 1 revsali 


C ' A /~ /~ TP P A P TP ATAPPAPAPA APA /—TP P PTP O ' 

o -ALGLG 1 CGAC 1 LAI AGCALAGAAGAL 1 LGG 1 L-o 


DC A D« OcL «~ L \ 

KoAPexzorwbamhi 


C ' C (~* C (~~ f~- ATPP A TP TP PTTT A A PP A PP ATPT O ' 

o -LGLGGAIL.LAIGILGI 1 lAALGALGAILI-o 


KoAPexzo revsali 


c ' a r~(~* r~(~* tp p a ptp a attp kr~(~*r~k(~*r^r^ attta pp o ' 
o -ALGLG IL.GALIL.AAI IL.AGGLAGGGAI 1 IAGL.-J 


DCADL 1 L l_ L • 

KoAKho 1 rwbamhi 


C ' C C- C ATPP ATP ff /~- P A PTA PP A P A P ATP A PP O ' 

o -LGLGGAI CLAI GGLLGGAC 1 AGLAGAGAI LAGG-o 


RSARhol revsali 


C / A /— /~> f f~^T A /~T/~" A /""■ A A A AT/™* A /~ A /~" A /~TT/~TT/"TTT/~ I f 

5 -ACGCGTCGACTCACAAAATGAC ACACTTCTTCTTTC-3 


EMK5 


C ' /~TT/^ A r~*(^ t~* A A TTT/~ Kf^f~ ATT O ' 

0 -LI IGAGGGAALI 1 ICACLAI l-J 


EMK6 


5 '•ACGTGCACCACCCATTTCAG-3 ' 


EMK1 1 


5 '•TCCCCGCGGCTGTGCTCGTAGACCCAATTAAC-3 ' 


EMK12 


5 '-CGGGATCCGTACGTTCCAGGAAGAGAGTGAG-3 ' 


RSARhol Not fw 


5 'GCGGCCGCATTCTTATGGCCAAGAAGACTACGATCGTC-3 ' 


RSARhol Hindlllrev 


5 '-CCCAAGCTTGCGGCTGTGCTCGTAGACCC-3 ' 


GFP-Rhol fw 


5 'GGGGACAAGTTTGTACAAAAAAGCAGGCTCTGCCGGACTAGCAGAGATCAG-3 ' 


GFP-Rholrev 


5 '-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCACAAAATGACACACTTCT-3 ' 



1 .5% (wt/vol) KMn04 for 20 min at room temperature. Poststaining was in 
1 % uranyl acetate (wt/vol) overnight. After dehydration in a graded ethanol 
series the samples were embedded in Epon 812. Ultrathin sections were 
cut with a diamond knife and examined in an electron microscope (model 
GM-12; Philips). Image analysis was performed using ImageJ (http://rsbweb 
.nih.gov/ij) and figures were prepared using Adobe Photoshop CS3. 
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